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ABSTRACT
The content of interstellar clouds, in particular the inventory of diffuse molecular
gas, remains uncertain. We identified a sample of isolated clouds, approximately 100
solar masses in size, and used the dust content to estimate the total amount of gas.
In Paper 1, the total inferred gas content was found significantly larger than that seen
in 21-cm emission measurements of H I. In this paper we test the hypothesis that the
apparent excess ‘dark’ gas is cold H I, which would be evident in absorption but not in
emission due to line saturation. The results show there is not enough 21-cm absorption
toward the clouds to explain the total amount of ‘dark’ gas.
Subject headings: dust, ISM: abundances, ISM: atoms, ISM: clouds, ISM: general,
ISM: molecules
1. Introduction
Significant amounts of ‘dark’ gas, whose amount is not accurately measured by the widely-used
interstellar tracers (the 21-cm line of atomic hydrogen or 2.7-mm line of CO), have been inferred
from γ-ray (Grenier et al. 2005), far-infrared (Heiles et al. 1988; Reach et al. 1998), and extinction
(Paradis et al. 2012) observations of the diffuse interstellar medium and the Magellanic Clouds
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(Bernard et al. 2008; Roman-Duval et al. 2010). A survey of [C II] emission provided another,
independent tracer confirming the presence of CO-dark gas (Langer et al. 2014). The possible
presence of ‘dark gas’ is important for understanding the inventory of baryonic material within
galaxies—in particular, the amount of molecular gas from which stars form. Using dust as a tracer
of the total amount of interstellar material, it was found that the total amount of interstellar
material in galaxies decreases with time as galaxies evolve (Scoville et al. 2014). Molecular gas at
> 30 K is predicted to be ‘CO-dark’ (Glover & Smith 2016), so the typical interstellar medium
probed by UV absorption lines, with temperatures averaging 77 K (Savage et al. 1977; Sofia et al.
2005) belongs to the ‘dark gas’ phase. Directly measuring the amount of warm (> 100 K) H2 and
extrapolating to the total amount of H2 in galaxies suggests molecular masses could even be 100
times larger, in some galaxies, than would be derived from CO observations alone (Togi & Smith
2016).
In Paper 1 (Reach et al. 2015), we studied a set of clouds in the local interstellar medium and
assessed evidence for the presence of ‘dark gas’ within them, by comparing the amount of dust seen
with Planck (far-infrared and sub millimeter continuum) to the amount of gas seen with Arecibo
(21-cm line emission). We found that these ∼ 100M⊙ clouds frequently contain factors of ∼ 2–3
times more dust per unit gas than is present in the diffuse ISM. Inventories of abundance of the
elements already use up all the heavy elements in dust in the diffuse interstellar medium (Jenkins
2009), so the excess dust seen in the clouds must be either due to unseen ‘dark’ gas or to changes
in dust properties that cause us to overestimate the amount of dust.
In this paper, we explore the hypothesis that the unseen gas in interstellar clouds is cold,
atomic gas. Such gas would have optically-thick 21-cm line emission, which would cause us to
underestimate its presence from 21-cm line emission measurements. A recent paper has found it
plausible that most of the purported ‘dark gas’ in the interstellar medium is actually atomic gas
that is optically thick in the 21-cm line (Fukui et al. 2015). Now that we have a well-characterized
set of nearby interstellar clouds with quantified amounts of supposed ‘dark gas,’ we have followed
up with a directed study of the 21-cm optical depth to determine whether the hypothesis applies.
2. Observations
2.1. Target selection
The interstellar clouds for this study are those used in Paper 1; they are degree-sized clouds
readily evident in the Planck far-infared and Arecibo/GALFA 21-cm surveys as being relatively
isolated structures separated from the galactic plane. The Planck survey covered the entire sky
in 9 bands with wavelengths from 30 GHz to 857 GHz (1 cm to 350 µm) (Tauber et al. 2010;
Planck Collaboration et al. 2011). The Galactic L-band Feed Array (GALFA) H I survey covered
the sky between declinations 0◦–40◦ (Peek et al. 2011). The clouds are at high galactic latitude
and can be assumed to lie at a typical distance of ∼ 100 pc based on the scale-height (150 pc) of
– 3 –
cold, atomic gas in the Milky Way (Kalberla & Kerp 2009).
To measure the radio absorption by H I and OH toward the clouds, we identified the continuum
sources from the NRAO VLA All Sky Survey (Condon et al. 1998) near each cloud in our sample.
Each source was given a priority based on its radio continuum flux and location relative to the
peak in the ‘dark gas’ map. Sources with flux density at 1400 MHz greater than 300 mJy were
expected to yield easy measurements of 21-cm absorption, and sources fainter than 100 mJy were
not feasible. We discarded all sources fainter than 100 mJy, and sources fainter than 300 mJy that
were not located well within the outer boundary of the cloud at the 1020 cm−2 column density
level. All remaining sources were observed for 21-cm absorption. The brightest sources were also
observed, with longer integration time, for OH 1665 and 1667 MHz absorption. The OH absorption
observations were intended to test the hypothesis that there is significant molecular gas associated
with the dark gas. Table 2.1 lists the radio sources, their radio fluxes, and the amount of dark gas
based on the Paper 1 maps. The sources observed only for 21-cm line absorption are designated
in the second column with ‘HI’, while the ones with longer integrations on the 1667/1667 MHz
absorption are designated ‘OH’.
The initial observations occurred in 2014 ?? for the radio sources toward the cloud G254+63.
Absorption lines at 21-cm were detected toward many sources, while OH absorption was not. Based
on those results, our more complete survey of the clouds in 2015 focussed on 21-cm absorption and
had generally shorter integrations except toward a select few sources (listed in Table 2.1).
We also observed the peaks of the ‘dark gas’ emission to search for OH emission. These obser-
vations were different from the others described in this paper because they were toward positions
with no radio continuum source. Allen et al. (2015) recently found emission from diffuse OH asso-
ciated with ‘dark gas’ that is more closely associated with atomic gas and has no CO counterpart.
Those observations were close to the galactic plane; our goal was to test whether such emission
was present toward the ‘dark gas’ peaks of our well characterized sample of high latitude clouds.
No OH emission lines were detected, so these observations will not be analyzed in detail. Upper
limits on the column density require assuming the OH excitation temperature above the cosmic
microwave background, and the uncertainties in excitation are large enough that the results would
be of no help in our quest to determine the nature of the dark gas in the clouds.
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Table 1. Selected radio sources behind interstellar clouds
Source Typea RA Dec F1400 b τ353c N(H I)d N(dark)e Notef
(J2000) (J2000) (mJy) (10−5) (1020 cm−2) (1020 cm−2)
G94-36
2 HI 23 01 56.60 +21 07 53.3 226± 8 1.3 5.8 0.5 just outside main core
3 OH 23 02 15.60 +21 21 42.6 392± 12 2.5 5.6 4.7 at edge of core
5 HI 23 01 23.06 +20 58 56.9 103± 4 1.0 5.9 -0.2 none
6 HI 23 09 23.15 +20 54 22.6 152± 5 1.3 5.7 1.2 moderate, diffuse
7 HI 23 08 11.63 +20 08 42.3 188± 6 1.3 5.0 1.5 moderate, diffuse
8 HI 23 00 39.87 +20 44 21.6 256± 9 0.5 4.4 -0.5 none
G104-39
2 HI 23 47 55.83 +22 17 02.5 418± 13 0.5 3.4 0.7 diffuse
3 OH 23 47 49.36 +22 00 16.4 518± 16 1.1 4.2 2.4 at edge of core
4 HI 23 45 16.18 +21 51 41.9 199± 7 0.8 4.4 0.6 diffuse
5 HI 23 52 40.34 +21 57 35.6 156± 5 0.6 3.6 0.9 diffuse
7 HI 23 52 20.72 +21 10 30.3 274± 10 0.5 3.5 0.1 none
G108-53
1 OH 00 16 27.25 +09 29 23.6 127± 4 1.9 7.0 4.1 behind core
2 HI 00 18 55.26 +09 40 05.9 489± 15 0.9 5.8 0.7 just outside main core
3 HI 00 14 44.86 +09 24 29.4 100± 3 1.4 7.8 0.8 just outside main core
5 HI 00 14 19.89 +08 54 02.2 324± 12 1.0 6.3 -0.2 none
6 HI 00 19 12.36 +08 40 53.8 494± 17 1.1 6.6 0.9 moderate, diffuse
7 HI 00 17 38.31 +08 27 46.8 211± 8 1.3 6.1 1.9 behind small core
8 HI 00 17 15.73 +08 26 06.7 219± 8 1.0 6.0 1.0 moderate, diffuse
10 HI 00 15 08.4 +08 28 03.8 384± 12 1.1 5.8 0.9 moderate, diffuse
G138-52
1 HI 09 08 45.42 +09 43 21.6 110 ± 3 0.7 6.8 -0.2 none
2 HI 09 11 22.12 +09 16 55.7 115 ± 4 0.5 5.8 0.1 none
4 HI 09 06 11.61 +08 44 33.5 108 ± 4 0.5 5.5 0.1 none
6 HI 09 12 31.32 +09 13 24.5 257 ± 8 0.5 5.5 0.1 none
9 HI 09 03 40.45 +10 03 22.3 108 ± 3 0.6 5.5 0.3 none
G198+32
1 HI 08 27 33.76 +26 37 16.5 102 ± 3 0.8 3.9 1.9 at edge of core
2 OH 08 25 56.92 +26 43 57.8 223 ± 7 0.6 3.3 2.0 at edge of core
3 HI 08 25 47.36 +27 04 21.7 108 ± 3 0.2 2.8 -0.4 none
6 HI 08 29 48.12 +25 04 10.3 126 ± 4 0.3 3.3 0.5 diffuse
9 HI 08 28 59.56 +24 54 00.9 219 ± 7 0.3 3.1 0.4 none
G221+35
1 HI 01 30 43.15 +10 16 30.3 101± 4 0.6 5.2 0.1 just outside main core
2 HI 01 29 04.27 +10 45 28.9 111± 3 0.5 5.4 -0.1 none
4 HI 01 26 10.02 +10 14 01.2 670± 23 0.5 5.0 0.4 diffuse
5 HI 01 29 09.07 +09 18 21.7 130± 4 0.5 5.2 0.1 none
6 HI 01 33 38.98 +10 19 43.7 391± 12 0.4 4.7 -0.3 none
7 HI 01 27 23.20 +09 14 31.9 134± 4 0.5 5.1 0.6 moderate, diffuse
8 HI 01 29 22.11 +11 19 49.8 181± 3 0.7 3.8 3.5 behind core
9 HI 01 34 16.62 +10 25 42.7 129± 4 0.4 3.3 1.5 just outside core
10 HI 01 30 11.9 +11 28 53.8 233± 9 0.4 3.5 0.5 just outside core
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2.2. Observation execution
All observations for this paper were performed on the Arecibo Observatory 305-m radio tele-
scope using the L-wide feed, which was tuned to the 21-cm line of H I at 1420 MHz or the OH
lines at 1665 and 1667 MHz. The gain of the L-wide receiver is 10.5 K/Jy at at 1415 MHz and 9.9
K/Jy at 1666 MHz in the receiver’s ‘post-2003’ configuration.
The pilot project on G254+63 was executed in 2014 August as project A2902. The remainder
of the sample was observed in 2015 July as project A2985. The observing sequence and data
reduction were the same as used for the Millennium Survey (Heiles & Troland 2003).
Figure 1 shows four of the H I emission and absorption spectra obtained from this survey.
The uncertainty absorption spectra comprises two components: noise due to the sensitivity of the
receiver for measuring the brightness of the radio continuum source, and ‘pseudo-noise’ due to
incomplete subtraction of the 21-cm emission toward the radio source due to fluctuations in the
emission between the ‘on’ and ‘off’ source beams. The noise increases for fainter sources in a
predictable manner and is approximately independent of frequency. The ‘pseudo-noise’ depends on
the amount of structure in the 21-cm emission on angular scales comparable to the beam (3′), and
it has a frequency-dependence similar to that of the 21-cm emission. The methods for estimating
the noise components and fitting the signal are described in the next section of this paper.
We see no OH absorption toward any of the radio sources. Upper limits to the optical depths
in 1165 and 1667 MHz OH lines are typically less than 0.01. The column density limits were derived
from the combination of 1665 and 1667 OH profiles, assuming the excitation temperature of the
hyperfine levels is Tx = 5 K and assuming that the OH central velocity and width are identical to
the HI CNM components. The upper limits to the OH column densities are N(OH) < 3 × 1013
cm−2. For comparison the ‘dark gas’ column densities are typically 2 × 10−20, so the upper limit
to the abundance of OH in the ‘dark gas’ is [OH]/[H I]< 1.5 × 10−7. For comparison, for diffuse
and translucent clouds radio observations have found an abundance ratio (for an assumed Tx = 5
K) [OH]/[H I]=4× 10−8, with these values being nominally lower limits (Liszt & Lucas 1996). The
upper limits from our observations are higher than these lower limits, so our observations are not
very restrictive. If the ‘dark gas’ were all H2, with abundance [OH]/[H2]=8× 10
−8, then we expect
a typical OH column density of 1.6× 1013 cm−2. To detect such lines at 3σ would require 5 times
greater signal-to-noise, which is beyond the limits of the techniques used in this project because we
found the uncertainties are dominated by systematics in the variations of the H I emission on the
angular scale of the Arecibo beam.
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Table 1—Continued
Source Typea RA Dec F1400 b τ353c N(H I)d N(dark)e Notef
(J2000) (J2000) (mJy) (10−5) (1020 cm−2) (1020 cm−2)
G236+39
1 HI 09 47 44.60 +00 04 37.2 936± 33 0.8 5.0 1.7 behind small core
2 HI 09 43 21.09 +01 03 38.8 169± 6 0.7 6.0 -0.1 none
3 HI 09 43 16.93 +01 02 43.0 234± 8 0.7 6.1 -0.1 none
4 HI 09 43 19.16 -00 04 22.3 1190 ± 40 0.4 3.6 -0.1 none
6 HI 09 47 15.89 -00 42 45.1 230± 7 0.4 ... ... ...
9 HI 09 51 36.11 +00 53 15.6 356± 11 0.6 3.7 1.6 behind small core
G254+63
5 OH 11 35 25.04 +06 54 40.7 273± 9 0.7 3.4 2.6 just at edge of core
7 OH 11 30 45.69 +07 26 21.3 445± 13 0.6 4.1 1.3 just at edge of core
11 OH 11 25 13.21 +07 06 34.0 112± 3 0.9 5.3 1.9 just at edge of core
12 OH 11 23 09.10 +05 30 20.3 1720 ± 17 0.3 2.6 0.6 none
14 OH 11 16 17.79 +05 43 52.6 335± 10 0.7 6.5 -0.1 none
aType of observation. ”HI” means a short observation for H I 1420 MHz absorption. ”OH” means a longer (typically
90-minute) observation for OH 1667 MHz absorption.
b1400 MHz Flux of the radio continuum source in Jy, from the NRAO VLA Sky Survey
cOptical depth of dust at 353 GHz from the Planck survey.
dColumn density, Nnaive, of atomic hydrogen from the GALFA survey assuming the line 21-cm is optically thin.
eColumn density of ‘dark gas’ at the source location, using methods from Paper 1.
fQualitative description of the location of the radio source relative to the spatial distribution of ‘dark gas’ from the Planck-
Arecibo image.
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Fig. 1.— H I 21-cm emission and absorption spectra for 4 radio sources from our survey (one source
from each cloud with statistically significantly detected cold atomic gas). For each source, there is a
two-panel plot. The top panel is the absorption spectrum (e−τ ) toward the radio source; the lower
panel is the emission spectrum at the location of the radio source (Texp). The observed data are
in black, the fit to significant absorption components in red, the fit to the emission spectrum is in
cyan, and the uncertainty in green. The absorption components where the black curve dips below
green are the believable ones, while the apparent absorptions that are within the uncertainties are
likely due to fluctuations in the emission spectrum on the scale of the Arecibo beam.
3. How much optically-thick gas is present?
3.1. Deriving the gas temperature and column density
We follow the method described in Heiles & Troland (2003) to simultaneously determine the
absorption spectrum toward the radio source and the ‘expected’ emission spectrum that would
obtain if the radio source were not present. The procedure solves for the spatial gradients of the
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emission between the radio source and the adjacent positions used to measure the ‘off’ source
emission, and interpolates the emission spectra to yield the ‘expected’ emission spectra at the
location of the source. Taking care in performing this interpolation is important, because small
variations in the column density of the cloud between the ‘on’ and ‘off’ source observations produce
fluctuations that mask or confuse the absorption spectrum; furthermore, to interpret the absorption
spectrum, we need to compare to the emission spectrum at the same location to the extent possible.
The fundamental limitation of the interpolation is the size of the the telescope beam. While the
absorption samples a pencil-thin beam toward the radio source, the emission spectrum averages
over a 3′ beam. We use the variation among the multiple ‘off’ beams to assess both the spatial
first and second derivatives of the H I intensity and their uncertainties, allowing us to derive an
uncertainty estimate for the absorption and ‘expected’ emission spectra.
The 21-cm emission is assumed to arise from multiple components at different temperatures.
For each component, the 21-cm emission in absence of absorption by other components is (following
Heiles & Troland 2003)
Texp(v) = Ts
(
1− e−τ(v)
)
(1)
where Ts is the spin temperature of the H I hyperfine state, and τ is the optical depth. The optical
depth is related to the column density, N(v), as
τ(ν) = N(v)/CTs (2)
where C = 1.823×1018 cm−2 K−1 s. Emission arises from both the warm, neutral, medium (WNM)
and the cold, neutral, medium (CNM). The WNM is warm enough (Ts,WNM > 1000 K) that its
optical depth is small, τWNM ≪ 1, and its emission spectrum
Texp,WNM = Ts,WNM × τWNM (v) = NWNM(v)/C. (3)
The cold gas provides both narrow emission components and absorption, both of the back-
ground radio source and part of the warm gas. For the isolated clouds in this paper, there is
generally a dominant cold component on the line of sight, and the cloud can be readily seen in
emission at that velocity. The emission from the CNM is
Texp,CNM = Ts,CNM
(
1− e−τCNM(v)
)
. (4)
The CNM is assumed to be in a spatially compact structure (both in the sky and along the line of
sight), while the WNM may extend along a longer path length. A fraction F of the WNM lies in
front of the cloud and is unabsorbed, while the background WNM is absorbed by the CNM. The
total expected spectrum is then
Texp = Texp,WNM
[
F + (1−F)e−τCNM(v)
]
+ Ts,CNM
(
1− e−τCNM(v)
)
. (5)
For the line of sight toward the radio source, the brightness difference on- and off-source, ∆T ,
directly yields the absorption spectrum of the CNM,
∆T/Tsrc = e
−τCNM(v) (6)
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where Tsrc is the brightness temperature of the radio source.
We fit equation 6 to determine the Gaussian components of the cold gas absorption τCNM(v).
Then we fit equation 5, for an assumed value of F , to to solve for the spin temperatures Ts,CNM
of the cold gas and a sum of Gaussian emission components of the warm gas, NWNM(v). The
column density of cold gas was finally determined from the Gaussian fit amplitudes of the CNM
components and spin temperature: NCNM = C × τCNM × Ts,CNM.
3.2. Effect of foreground WNM
The fraction of foreground WNM is generally not known. The extreme case of having all the
WNM in front of the cloud (F = 1) is unlikely, given that the WNM has a much larger filling
factor and scale-height than the CNM (Cox 2005; Malhotra 1995). The extreme case of having all
the WNM behind the cloud (F = 0) is also unlikely because it would mean the cloud is so close
to the Sun that it would subtend a very large angle. Because our survey covers several clouds that
are typical of the ISM as seen in all-sky 21-cm surveys, the most likely case is an intermediate
value F ≃ 0.5, for the cloud ensemble average, because the scale-heights of the WNM and CNM
are comparable (Dickey et al. 2009). Apart from the arguments about relative scale height, the
components of WNM and CNM that overlap in velocity are likely to be related to each other
as part of the same spatial region. Again, statistically, this argues for F ≃ 0.5 on an ensemble
average. Extreme values of F could occur if the warm gas is associated with the cloud but is located
asymmetrically with respect to it. For example, if the cloud is being shocked or radiatively heated,
and energy input is on the far-side of the cloud, F = 0; if the energy input is on the near-side of
the cloud, F = 1.
To illustrate the technique, we show in Figure 2 the observations and fit for a source behind
G254+63. The fit to the CNM absorption (top panel) is straightforward because the profile is
well-fitted with 2 Gaussian components and we need not assume anything about F . The fit to
the emission involves more parameters and is not perfect. We strive for simplicity in the fits,
utilizing only a small number of velocity components, and this approach can never match the
observed, structured, high-signal-to-noise profiles. The value of the fits with few components is
that the properties of the gas can be relatively reliably estimated; including more components
would better fit the profiles but yield less reliable spin temperature fits, because it would be driven
by extra Gaussians included to account for the non-Gaussianity of the velocity profile. For the fits
in Figure 2, there were only 3 WNM Gaussian components, but 2 of them are at -30.5 and -14.3
km s−1, putting them out of the ‘action’ for determining the column density of the cold H I at the
velocity of the cloud. The shape of the fitted WNM emission near the cloud velocity is complicated
for F < 1, despite being due to just a single Gaussian emission component, because the WNM is
absorbed by the cold gas in the cloud. The spin temperature of the CNM is determined by the
amplitude of the CNM contribution to the emission spectrum, so it depends on the way the WNM
and CNM are differentiated. The fits in Figure 2 show what happens if we assume F =0, 0.5, and 1.
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If none of the WNM is in front of the cloud (F = 0), then the WNM experiences the full absorption
by the CNM; the fit to the emission spectrum then requires relatively more CNM contribution, and
the inferred spin temperature of the CNM is higher. In contrast, if the WNM is in front of the
CNM (F = 1), it experiences no absorption, and less emission from the CNM is required to match
the observed emission spectrum. This effect can be seen graphically in the Figures by the lengths
of the dashed lines, which are proportional to the spin temperature of the CNM. For this source,
the derived CNM spin temperatures are 20.2, 16.5, or 13 K, for F of 0, 0.5, or 1, respectively.
After solving for the WNM and CNM parameters, their column densities are determined by
for each Gaussian component using equation 3 for the WNM and 2 for the CNM. The properties
of the WNM do not really depend upon the fit details, but the amount of CNM does depend on F
because the optical depth is inversely proportional to the spin temperature and the derivation of
spin temperature depends on the relative location of the cloud with respect to the WNM. For the
same radio source shown in Figure 2, we find that for F=0, 0.5, or 1, we find NCNM/10
20 cm−2 of
1.2, 1.0, and 0.8, respectively. Thus even with the complete range of possible locations of the the
WNM, the effect on the cold gas column density is ±20%.
Table 2 lists the column densities determined from the fits for the sources with statistically-
significantly detected column densities of cold gas.
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Fig. 2.— H I 21-cm emission and absorption towards radio source G254+63#5, showing the effects
of assuming different fractions of foreground warm gas. The top panel shows the absorption spec-
trum, with the data in black and the Gaussian-fitted absorption spectrum in red (as in Fig. 1). The
lower three panels each show the expected emission spectrum (thick black curves), Texp, together
with the fitted warm gas contribution (thin purple curves) to the emission spectrum, Texp,WNM,
for an assumed fraction, F (labeled) of warm gas in front of the cold cloud. The summed warm
and cold gas for each fit are shown in cyan (as in Fig. 1). The dashed lines show the location and
amplitude of the CNM contributions both the emission and absorption spectra.
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Table 2. Column density fitsa
Source NCNM NWNM Ntrue Nnaive
(1020 cm−2) (1020 cm−2) (1020 cm−2) (1020 cm−2)
G104-39 #2 0.37 ± 0.07 2.55 2.92± 0.07 2.76
G104-39 #3 1.07 ± 0.18 2.68 3.74± 0.18 3.45
G108-53 #2 4.41 ± 0.46 1.42 5.83± 0.46 5.35
G108-53 #6 2.50 ± 0.46 2.72 5.22± 0.45 4.54
G108-53 #8 4.06 ± 1.42 2.74 6.80± 1.42 4.71
G108-53 #10 3.06 ± 0.52 2.43 5.49± 0.52 5.06
G138-52 #6 0.88 ± 0.36 3.75 4.63± 0.36 4.23
G198+32 #1 2.12 ± 0.62 4.02 6.14± 0.62 3.71
G198+32 #2 0.89 ± 0.33 2.99 3.89± 0.33 3.17
G221+35 #7 0.95 ± 0.08 3.53 4.48± 0.08 4.14
aFits in this table are for F = 0.5
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4. Upper limit to Column Density of Optically-thick H I
We set upper limits on the column density of cold, optically-thick H I for lines of sight with
no detected absorption using the following simple prescription. For a single, isothermal interstellar
cloud, the total H I column density depends on the optical depth profile
Ntrue = CTs
∫
τdv (7)
while the na¨ıve column density depends on the line integral
Nnaive =
∫
TBdv = CTs
∫
(1− e−τ )dv. (8)
Using a power-series for the exponential, and assuming Gaussian optical depth profiles with peak
value τ0, we find
∆N
Nnaive
≡
Ntrue −Nnaive
Ntrue
=
∞∑
n=2
(−1)n
n!n0.5
τn−10 (9)
For optical depths less than unity, a second-order expansion is likely sufficient; then
∆N
N
≃ 0.4τ0. (10)
Therefore, if we have an upper limit τ0 < 0.5, we find that the deviation between naive and true
optical depth is less than 20%. The upper limits on the cold H I are calculated using the upper
limits on the optical depth (τ0 < 0.3 for radio sources brighter than 300 mJy and τ0 < 0.7 for radio
sources between 100–300 mJy), and equation 10.
5. Comparison between ‘Dark Gas’ and Optically-thick H I
Now that the amount of cold, optically-thick H I has been assessed for the lines of sight toward
high-latitude clouds, we can compare to the amount of ‘dark’ gas that had been inferred from the
comparison of Planck dust emission to 21-cm emission, from Paper 1. Figure 3 directly compares
the two quantities. There are only upper limits to the 21-cm absorption for most of the points,
including those toward the highest concentrations of dark gas. This is due to the cloud cores
spanning less solid angle, making the number of bright radio sources smaller there. The fainter
radio sources, which we did all observe, sometimes with relatively long integration times, at least
allowed upper limits that appear to rule out the hypothesis that the dark gas is optically-thick
atomic gas. Considering only the lines of sight with detections, there is no clear trend. It does
appear that the two lines of sight with the highest amount of optically-thick atomic gas do indeed
have ‘dark’ gas; furthermore, the amount of optically-thick atomic gas appears consistent with the
amount of dark gas for these two points. However, there are two other detections, with comparable
or larger amounts of dark gas, that have far less optically-thick atomic gas than would be required
to explain the entire dark gas content.
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We can understand these results as follows. First, when there is cold, optically-thick atomic
gas, there should be dust mixed with it. Therefore, points in Figure 3 above zero vertically, should
move along the diagonal line, just due to the dust associated with the cold gas. There should not
be points in the upper-left half of the diagram: such points would have cold atomic gas without
associated dust. This explains why Figure 3 is populated in the lower-right portion only. The
presence of points that are clearly below the diagonal line—especially those toward the right-hand
side—shows that there is more dark gas than can be explained by cold atomic gas.
Fig. 3.— The column density of cold H I determined from the 21-cm absorption observations,
compared to the column density of “dark” gas determined from the Planck dust and 21-cm emission
observations. Open diamonds with error bars show the results for lines of sight where the 21-cm
absorption was detected. Grey downward arrows show the upper limits for the lines of sight with no
detected H I absorption. The horizontal dotted line just shows the level of zero optically-thick gas,
and the diagonal line just shows the unity relation. If all the ‘dark’ gas were due to optically-thick
atomic gas, we would expect the points to line along the diagonal line.
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6. Conclusions
Our results indicate two likely origins for the dark gas. There is a small amount that arises
from cold atomic gas, on at least two lines of sight. However, if the dark gas column density
estimates are correct, the bulk of the ‘day’ gas associated with the dust must be in a separate form,
the most likely choice is molecular gas, which remains the default hypothesis (Wolfire et al. 2010).
There remains the possibility that dark gas estimates based on dust column density are incorrect,
which would mean that the locations of ‘apparent’ dark gas may instead be regions of enhanced
submm dust emissivity, as discussed in Paper 1. We will attempt to quantify that possibility in
future work.
The Arecibo Observatory is operated by SRI International under a cooperative agreement with
the National Science Foundation (AST-1100968), and in alliance with Ana G. Me´ndez-Universidad
Metropolitana, and the Universities Space Research Association.
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